Human respiratory syncytial virus (HRSV) fusion (F) protein is an essential component of the virus envelope that mediates fusion of the viral and cell membranes, and, therefore, it is an attractive target for drug and vaccine development. Our aim was to analyze the neutralizing mechanism of anti-F antibodies in comparison with other low-molecular-weight compounds targeted against the F molecule. It was found that neutralization by anti-F antibodies is related to epitope specificity. Thus, neutralizing and nonneutralizing antibodies could bind equally well to virions and remained bound after ultracentrifugation of the virus, but only the former inhibited virus infectivity. Neutralization by antibodies correlated with inhibition of cell-cell fusion in a syncytium formation assay, but not with inhibition of virus binding to cells. In contrast, a peptide (residues 478 to 516 of F protein [F478-516]) derived from the F protein heptad repeat B (HRB) or the organic compound BMS-433771 did not interfere with virus infectivity if incubated with virus before ultracentrifugation or during adsorption of virus to cells at 4°C. These inhibitors must be present during virus entry to effect HRSV neutralization. These results are best interpreted by asserting that neutralizing antibodies bind to the F protein in virions interfering with its activation for fusion. Binding of nonneutralizing antibodies is not enough to block this step. In contrast, the peptide F478-516 or BMS-433771 must bind to F protein intermediates generated during virus-cell membrane fusion, blocking further development of this process.
The G protein is a highly variable type II glycoprotein that shares neither sequence identity nor structural features with the attachment protein of other paramyxoviruses (75) . It is synthesized as a precursor of about 300 amino acids (depending on the strain) that is modified posttranslationally by the addition of a large number of N-and O-linked oligosaccharides and is also palmitoylated (17) . The G protein is oligomeric (probably a homotetramer) (23) and promotes binding of HRSV to cell surface proteoglycans (35, 40, 49, 67) . Whether this is the only interaction of G with cell surface components is presently unknown.
The F protein is a type I glycoprotein that is synthesized as an inactive precursor of 574 amino acids (F0) which is cleaved by furin during transport to the cell surface to yield two disulfide-linked polypeptides, F2 from the N terminus and F1 from the C terminus (18) . Like other viral type I fusion proteins, the mature F protein is a homotrimer which is in a prefusion, metastable, conformation in the virus particle. After fusion, the F protein adopts a highly stable postfusion conformation. Stability of the postfusion conformation is determined to great extent by two heptad repeat (HR) sequences, HRA and HRB, present in the F1 chain. Mixtures of HRA and HRB peptides form spontaneously heterotrimeric complexes (43, 51) that assemble in six-helix bundles (6HB), consisting of an internal core of three HRA helices surrounded by three antiparallel HRB helices, as determined by X-ray crystallography (79) .
The three-dimensional (3D) structure of the HRSV F pro-tein has not been solved yet. Nevertheless, the structures of the pre-and postfusion forms of two paramyxovirus F proteins have revealed substantial conformational differences between the pre-and postfusion conformations (77, 78) . The present hypothesis about the mechanism of membrane fusion mediated by paramyxovirus F proteins proposes that, following binding of the virus to the cell surface, the prefusion form of the F glycoprotein is activated, and membrane fusion is triggered. The F protein experiences then a series of conformational changes which include the exposure of a hydrophobic region, called the fusion peptide, and its insertion into the target membrane. Subsequent refolding of this intermediate leads to formation of the HRA and HRB six-helix bundle, concomitant with approximation of the viral and cell membranes that finally fuse, placing the fusion peptide and the transmembrane domain in the same membrane (4, 20) . The formation of the 6HB and the associated free energy change are tightly linked to the merger of the viral and cellular membranes (60) . Antibodies play a major role in protection against HRSV. Animal studies have demonstrated that immunization with either F or G glycoproteins induces neutralizing antibodies and protects against a viral challenge (19, 63, 70) . Furthermore, transfer of these antibodies (31, 56) or of anti-F or anti-G monoclonal antibodies (MAbs) protects mice, cotton rats, or calves against either a human or bovine RSV challenge, respectively (65, 68, 73) . Likewise, infants at high risk of severe HRSV disease are protected by the prophylactic administration of immunoglobulins with high anti-HRSV neutralizing titers (33) . Finally, a positive correlation was found between high titers of serum neutralizing antibodies and protection in adult volunteers challenged with HRSV (34, 74) , while an inverse correlation was found between high titers of neutralizing antibodies and risk of infection in children (29) and in the elderly (25) .
Whereas all the anti-G monoclonal antibodies reported to date are poorly neutralizing (1, 28, 48, 71) , some anti-F monoclonal antibodies have strong neutralization activity (1, 3, 5, 28, 46) . It is believed that HRSV neutralization by anti-G antibodies requires simultaneous binding of several antibodies to different epitopes, leading to steric hindrance for interaction of the G glycoprotein with the cell surface. Indeed, it has been shown that neutralization is enhanced by mixtures of anti-G monoclonal antibodies (1, 50) , mimicking the effect of polyclonal anti-G antibodies. In contrast, highly neutralizing anti-F monoclonal antibodies do not require cooperation by other antibodies to block HRSV infectivity efficiently (1) .
In addition to neutralizing antibodies, other low-molecularweight compounds directed against the F protein are potent inhibitors of HRSV infectivity. Synthetic peptides that reproduce sequences of heptad repeat B inhibit both membrane fusion promoted by the F protein and HRSV infectivity (42) . Also, other small molecules obtained by chemical synthesis have been shown to interact with F protein and inhibit HRSV infectivity. These HRSV entry inhibitors have been the topic of intense research in recent years (55) .
This study explores the mechanisms of HRSV neutralization by different inhibitors of membrane fusion, including anti-F monoclonal antibodies, an HRB peptide, and the synthetic compound BMS-433771 (13-15). The results obtained indicate that antibodies and low-molecular-weight compounds block membrane fusion at different stages during virus entry.
MATERIALS AND METHODS
Viruses, cells, protein, and plasmid. The Long strain of HRSV was propagated in HEp-2 cells grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 2.5% fetal calf serum (FCS).
A vaccinia virus recombinant that expresses a soluble form of the HRSV F glycoprotein (F TM Ϫ) has been reported (7, 8) . The F soluble form (F TM Ϫ) was engineered by introducing a premature stop codon in the F gene that eliminated the transmembrane (TM) region and the cytoplasmic tail (7). The F TM Ϫ is secreted to the supernatants of cells infected with the corresponding vaccinia recombinant.
BSR-T7/5 cells (a BHK-derived cell line that constitutively expresses the T7 RNA polymerase; kindly provided by K.-K. Conzelmann) (11) were maintained in DMEM with 10% FCS. Alternate passages of BSR cells were supplemented with 1 mg/ml G418 sulfate (Sigma-Aldrich) in order to select for T7 polymerase expression.
A pTM1-derived plasmid (21) , carrying a full-length cDNA copy of the HRSV F protein gene under transcriptional control of the T7 promoter (pTM1-F), has been described previously (30) .
Monoclonal antibodies, peptide, and antiviral compound. MAbs 2F, 47F, and 101F specific for F protein of HRSV and MAb 63G against G protein have been previously described (27, 28, 45, 76) . They were purified from ascitic fluids by protein A-Sepharose chromatography (28) . The MAb 1B.C11 against p72 capsid protein of African swine pest virus (ASPV) was used as a negative control (61) .
The HRB-derived peptide F protein consisting of residues 478 to 516 (F478-516), YDPLVFPSDEFDASISQVNEKINQSLAFIRKSDELLHNV, was synthesized by solid-phase methods in an ABI 433A synthesizer (Applied Biosystems), using Fmoc (9-fluorenylmethoxy carbonyl) chemistry and 0.1-mmol-scale FastMoc protocols on Fmoc-Rink-amide (MBHA) resin, with 10-fold excess of Fmoc-protected L-amino acids and HBTU/HOBt (2-[H-benzotriazole-1-yl]-1.13.3-tetramethyluronium hexafluorophosphate/1-hydroxybenzotriazole) or HATU [2-(1-H-9-azobenzyltriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate] coupling chemistries. The protected peptide resin was N-deblocked with piperidine prior to full deprotection and cleavage with trifluoroacetic acid (TFA)-water-triisopropylsilane (95:2.5:2.5, vol/vol/vol; 90 min at room temperature). The peptide was precipitated by addition of chilled methyl tertbutyl ether, taken up in aqueous acetic acid ([HOAc] 10%, vol/vol) and lyophilized. Purification by preparative high-performance liquid chromatography (HPLC) was performed on a C 18 column (Phenomenex Luna C8; 21.2 by 250 mm; particle size, 10 m), using a linear gradient of solvent B into A for elution (solvent A, 0.045% TFA in H 2 O; solvent B, 0.036% in acetonitrile), at a flow rate of 25 ml/min. Fractions of adequate HPLC purity and with the expected mass by matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) mass spectrometry were combined and lyophilized.
BMS-433771, is a low-molecular-weight compound with antiviral properties (13) (14) (15) . It was synthesized according to Provencal et al. (57) , and it was a generous gift of Arrow Therapeutics (London, United Kingdom).
Preparation of Fab fragments. Purified monoclonal antibodies were digested with papain (Roche Biochemicals), for 4 h at 37°C, at a mass ratio of 100:1 (MAb to papain) in the presence of the reducing agent 4.2 mM cysteine and 0.8 mM EDTA. The reaction was stopped by adding 300 mM iodoacetamide in phosphate-buffered saline (PBS) and incubating for 15 min at room temperature. Undigested antibody and Fc fragments were removed using protein A-Sepharose chromatography with Fab fragments collected in the column flowthrough. Fab fragments were further purified by size exclusion chromatography using a Superdex 200 10/30 GL column (GE Healthcare). Their purity was assessed by SDS-polyacrylamide gel electrophoresis (PAGE), and their reactivity with the F protein was determined by enzyme-linked immunosorbent assay (ELISA).
ELISAs. (i) Direct method. Purified F TM Ϫ (6) was diluted in PBS and used to coat 96-well microtiter plates. After overnight incubation at 4°C, the wells were blocked with 5% pig serum in 0.05% Tween-20 in PBS. Dilutions of antibodies in blocking solution were added to the wells that were incubated for 1 h at 37°C. After plates were washed with water, antibodies bound to the wells were revealed with horseradish peroxidase-labeled anti-mouse Ig and O-phenyl-diamine (OPD) as a substrate, following the manufacturer's instructions (GE Healthcare). Negative controls consisting of blocking solution but no antigen were tested in parallel.
ELISAs done with Fab fragments were revealed with biotinylated anti-mouse kappa chain (GE Healthcare) for 1 h at 37°C, followed by horseradish peroxi-VOL. 84, 2010 NEUTRALIZATION OF HUMAN RESPIRATORY SYNCYTIAL VIRUS 7971 dase-labeled streptavidin (GE Healthcare) for 30 min at room temperature and OPD as a substrate.
(ii) Indirect method. Purified anti-F TM Ϫ antibodies from rabbit serum were diluted in PBS and used to coat 96-well microtiter plates. After overnight incubation at 4°C, the wells were blocked with 5% pig serum in 0.05% Tween-20 in PBS. Dilutions of ultracentrifuged virus-antibody mixtures (see below) were made in blocking solution and added to the wells that were incubated for 2 h at 37°C. After plates were washed with water, biotin-labeled anti-mouse antibodies (GE Healthcare) or a pool of biotin-labeled monoclonal antibodies (2F, 47F and 101F) specific for the F protein, in blocking solution, were added and incubated for 1 h at 37°C, respectively. After plates were washed again, antibodies bound to the wells were revealed with horseradish peroxidase-labeled streptavidin (GE Healthcare) and OPD as a substrate, following the manufacturer's instructions (GE Healthcare).
Virus neutralization. Inhibition of HRSV infectivity was assessed by two different methods. For the first method, HEp-2 cells were grown in 96-well plates in DMEM with 10% FCS. Dilutions of antibodies, peptide, or antiviral compound, done in DMEM with 2.5% inactivated FCS, were incubated with HRSV for 30 min at 37°C as indicated in figure legends. These mixtures were used to infect HEp-2 cells in DMEM with 2.5% inactivated FCS. After 1 h of adsorption at 37°C, DMEM with 2.5% inactivated FCS was added, and the cells were incubated for 72 h at 37°C. Then, the plates were washed three times with 0.05% Tween-20 in PBS and fixed with 80% cold acetone in PBS. Antigen production in the fixed monolayers was measured by ELISA, using a pool of monoclonal antibodies specific for the F and G glycoproteins.
For the second method, virus-inhibitor mixtures prepared as indicated in the previous paragraph, were incubated for 30 min at 37°C. Then these mixtures were loaded onto 25% glycerol cushions in PBS and ultracentrifuged at 125,812 ϫ g for 2 h at 4°C in a Beckman SW60 rotor. The pellets were resuspended in DMEM with 2.5% inactivated FCS and used to infect HEp-2 cells. Viral antigen produced after 72 h was quantified as described in the previous paragraph.
Syncytium formation assay. The syncytium formation assay was performed in either (i) HRSV-infected cells or (ii) transfected cells.
(i) HRSV-infected cells. HEp-2 cells were grown in microchamber culture slides up to 90 to 100% confluence and infected with HRSV in DMEM-2.5% FCS for 90 min at 37°C, as indicated in the figure legends. Then, the inoculum was removed, and after cells were washed, they were incubated in DMEM-2.5% FCS for 5 h at 37°C, when the antibodies under test were added to the cultures. Incubation was continued until 48 h postinfection, and the cells were fixed with cold methanol for 5 min, followed by cold acetone for 30 s. Fixed cells were subsequently immunostained using anti-F and anti-G MAbs, followed by incubation with anti-mouse fluorescein-linked antibody (GE Healthcare), and examined for syncytia using a Zeiss microscope equipped with an AxioCam HRC digital camera and Axiovision, version 3.1, software.
(ii) Transfected cells. BSR-T7/5 cells were grown in microchamber culture slides up to 90 to 100% confluence and then transfected in DMEM-2.5% FCS with 0.5 g of plasmid DNA (pTM1-F) using FuGENE HD (Roche Biochemicals) at a 2:1 ratio (l of FuGENE to g of DNA). The transfection mixture was removed at 7 h posttransfection. Then, the cells were washed twice with DMEM-2.5% FCS, and antibodies were added to cultures in DMEM-2.5% FCS. Incubation was continued until 48 h posttransfection, when the cells were fixed and syncytium formation assessed as described in the paragraph above.
Flow cytometry. Virus binding to cells and concurrent HRSV infection were assessed by flow cytometry as follows. Virus-antibody mixtures were incubated for 30 min at 37°C before being added to a suspension of HEp-2 cells in DMEM with 2% FCS for 1 h at 4°C. Unbound virus was removed by washing the cells twice with PBS-5% pig serum, and the cells were split in two tubes. One of the tubes was incubated for 30 min at 4°C with a purified anti-F antibody conjugated with the fluorochrome Cy5. After the cells were pelleted and washed twice with PBS-5% pig serum, they were fixed in 1.4% paraformaldehyde. The fluorescence corresponding to bound virus was measured on a FACSCanto flow cytometer (BD Biosciences, San Jose, CA) and analyzed using FlowJo, version 7.5.2, software (TreeStar, Inc.).
The other half of the cells were plated and cultured at 37°C for 48 h in DMEM with 2% FCS. Then the cells were washed with PBS and detached using PBS-10 mM EDTA. HRSV infection was quantified by measuring the level of F protein expression on the surface of infected cells by flow cytometry with an anti-F antibody conjugated with the fluorochrome Cy5 as described in the previous paragraph.
RESULTS
MAbs directed against different antigenic sites of the F protein differ in neutralization activity. Different antigenic sites have been identified previously in the HRSV F protein by either loss of monoclonal antibody reactivity in escape mutants, pairwise competition of antibodies for virus binding, or reactivity of antibodies with synthetic peptides or protein fragments (3, 5, 9, 28, 45) . To compare the neutralizing properties of antibodies specific for different F protein epitopes, three MAbs were selected for this study. Location of their respective epitopes in the F protein primary structure is illustrated in Fig.  1A . MAb 2F recognizes an epitope of antigenic site I. Sequence changes in residue P389 abolish reactivity with this antibody (45) . MAb 47F recognizes an epitope of antigenic site II. Mutants selected with this antibody have changes at position N262, N268, K272, or S275 (3, 28, 45) . Finally, MAb 101F, whose epitope was mapped in antigenic site IV, does not recognize escape mutants with the change K433T (76) .
The three purified MAbs displayed similar reactivities with a soluble form of the F protein (F TM Ϫ) in a direct ELISA (Fig.  1B) . However, significant differences were observed between MAbs when their abilities to block virus infectivity were compared in a neutralization assay based on a reduction of viral antigen production (Fig. 1C) . While MAb 47F (antigenic site II) and MAb 101F (antigenic site IV) inhibited completely the production of viral antigens in a dose-dependent manner, MAb 2F (antigenic site I) at low concentrations reduced antigen production by 50% compared with a negative control (MAb 1P), but this reduction did not increase even at the highest concentration tested. Thus, the neutralizing activity of the three anti-F antibodies was related to epitope specificity. Whereas MAbs 47F and 101F behaved as expected for truly neutralizing antibodies, the partial inhibition exhibited by MAb 2F may reflect some indirect effect of this antibody on virus infectivity, such as virus aggregation or cross-linking (see below).
MAbs 47F and 101F inhibit virus infectivity before viral adsorption to cells. It is thought that, following binding of HRSV to the target membrane, the F protein is activated and drives membrane fusion by an irreversible change in conformation from the initial, metastable, prefusion form to a lowerfree energy postfusion state. Therefore, it was of interest to determine whether neutralizing MAbs were able to inhibit viral infectivity before contact of the virus with the target cell, i.e., before the F protein underwent activation for membrane fusion. To this end, virus aliquots were incubated with no antibody or with a large excess of either 2F, 47F, 101F, or control antibody before being subjected to ultracentrifugation to pellet the virus and remove any antibody excess not bound to viral particles. Then, the pellets were resuspended and used to infect HEp-2 cells. Antigen production was measured 72 h later by ELISA. As shown in Fig. 2A , MAbs 47F and 101F efficiently inhibited viral infectivity in this type of assay, compared with no antibody or an irrelevant antibody (1B.C11) used as negative control. In contrast, MAb 2F did not reduce antigen production.
To confirm that the ultracentrifuged virus was still susceptible of neutralization by antibodies, aliquots of a virus pelleted in the absence of antibodies were mixed with either no anti-body or with MAb 2F, 47F, 101F, or a control. The virusantibody mixtures were then added to HEp-2 cultures, and antigen production was measured 72 h later by ELISA, as mentioned before. Again, MAbs 47F and 101F were able to inhibit essentially all the infectivity, but MAb 2F reduced viral antigen production by only around 50% (Fig. 2B) . Thus, the conditions used to pellet the virus did not have a major impact either on virus infectivity or on its susceptibility to antibody neutralization (compare Fig. 1C and 2B) .
The results shown in Fig. 2 demonstrate, therefore, that MAbs 47F and 101F can block viral infectivity if added to the virus before it contacts the cells, i.e., before the F protein is activated for fusion.
MAbs 2F, 47F, and 101F remain bound to ultracentrifuged virus. The inactivation of HRSV infectivity by 47F and 101F antibodies described in the previous section could be the result of a stable interaction of these antibodies with the F protein.
Alternatively, binding of antibodies to the F protein could induce irreversible changes in F by a hit-and-run mechanism, leading to virus inactivation (10) . Of course, there are intermediates to these alternatives, such as induction of irreversible changes by antibodies that remain bound to the inactivated antigen.
To investigate if antibodies were still bound to virus particles after ultracentrifugation, virus-antibody mixtures prepared as before were ultracentrifuged, and the amount of antibody present in the pellets was quantified in an indirect ELISA. The same pellets were used in a similar assay to check if the same amount of virus had been sedimented, irrespective of the antibody used in the preincubation with the virus. Finally, aliquots of the pellets were used to infect HEp-2 cells, and virus antigen production was assessed 48 h later by flow cytometry.
Despite differences in the neutralizing activity of the three MAbs ( Fig. 1C and 2 ), similar amounts of each MAb tested (2F, 47F, and 101F) remained bound to the virus particles after sedimentation, as shown in Fig. 3A . The antibody present in the pellet required specific binding to HRSV since an irrelevant antibody directed against a capsid protein of ASPV was not trapped in the pellet. Also, antibody 101F was not found in the pellet unless it had been mixed with the virus before ultracentrifugation.
The amounts of virus present in the pellets were also similar, irrespective of the antibody mixed with the virus, and similar to the amount of virus sedimented without antibody (Fig. 3B ). Therefore, antibodies had no effect on sedimentation of the virus under the conditions of the experiment shown in Fig. 3 . However, as in previous experiments, the pellet infectivity was practically ablated, compared to results with an irrelevant antibody (1B.C11) or no antibody, if HRSV was incubated with 47F or 101F before ultracentrifugation (Fig. 3C) . Antibody 2F only marginally reduced virus infectivity in this experiment. It is worth stressing that the effect of MAbs 2F, 47F, and 101F on virus infectivity, shown in Fig. 3C , faithfully reproduces the results presented in Fig. 1 and 2 , even though different methodologies to assess viral antigen production were used. In summary, a stable interaction of antibodies with HRSV virions seems to be required for neutralization of virus infectivity. However, as illustrated by MAb 2F, antibody binding is not sufficient to block virus infectivity, which emphasizes the relevance of antibody specificity for virus neutralization.
MAbs 47F and 101F do not inhibit binding of virus to cells. Although HRSV binding to cells is mediated mainly by interactions of the G glycoprotein with cell surface proteoglycans, deletion mutants lacking the G protein gene can still infect cells in culture, presumably because the F protein can supersede, to some extent, virus binding to proteoglycans (66, 67) . Therefore, it was of interest to test if anti-F neutralizing antibodies had an effect on HRSV binding to cells. To this end, HRSV was incubated with different antibodies before being added to suspensions of HEp-2 cells at 4°C to allow virus adsorption but not membrane fusion. The amount of virus bound to cells was then quantified by flow cytometry using Cy5-labeled anti-F antibodies.
As shown in Fig. 4A , preincubation of virus with 2F, 47F, or 101F antibody had minimal effect on the amount of HRSV bound to HEp-2 cells, in comparison with either an irrelevant antibody (1B.C11) or no antibody. In contrast, preincubation of virus with MAb 63G, directed against HRSV G glycoprotein (28), reduced fluorescence intensity to almost background levels (uninfected cells).
In parallel, aliquots of the same virus-antibody-cell mixtures were replated to evaluate infectivity 48 h later by flow cytometry with Cy5-labeled anti-F antibody (Fig. 4B) . Again, 2F antibody had almost no effect on antigen production since fluorescence values were almost identical to those of negative controls (1B.C11 antibody or no antibody). In contrast, the amount of virus antigen expressed on the surface of cells incubated with either 47F, 101F, or 63G antibody was reduced almost to the values of a mock-infected control. Thus, whereas the 47F and 101F antibodies did not prevent binding of the virus to cells, they efficiently inhibited HRSV infection and therefore antigen production in this type of assay.
MAbs 47F and 101F also inhibit syncytium formation. As mentioned in the introduction, the F protein also mediates fusion of the membrane of infected cells to those of adjacent cells to form characteristic syncytia (multinuclear, giant cells). To test if the anti-F MAbs were capable of inhibiting cell-cell fusion, they were tested in a syncytium formation assay done with either transfected cells, expressing the F protein as the only viral protein, or HRSV-infected cells. As shown in Fig.  5A , large multinucleated syncytia were visible by immunofluorescence in BSR-T7/5 cells 48 h after transfection with the plasmid pTM1-F. The presence and size of the syncytia were unaltered if MAb 2F was added to the medium of the transfected cells. In contrast, when neutralizing MAb 47F or 101F was added to the culture, only individual cells were visible, and syncytia were not detected.
Similar results were obtained with HEp-2 cells infected with HRSV (Fig. 5B) . In this case, the antibodies were added to the culture medium after virus internalization. Large syncytia were seen 48 h after infection in either the absence or presence of MAb 2F. However, addition of MAb 47F or 101F inhibited not only the formation of multinucleated cells but also spreading of the virus to neighboring cells; consequently, only a few infected cells were observed by immunofluorescence when 47F or 101F was added to the cultures. In summary, a strict correlation was found between neutralization and cell-cell fusion inhibition with the antibodies used in this study. MAb 101F neutralizes viral infectivity and inhibits syncytia even if monovalent. To further investigate whether bivalent antibody binding was required to neutralize HRSV infectivity, the Fab fragment of the highly neutralizing MAb 101F was prepared (several attempts to prepare 47F Fab were unsuccessful since antigen binding was lost after papain treatment). To test whether bivalency was also required for the partial reduction of antigen production observed with MAb 2F and shown in Fig. 1C , the Fab fragment of this antibody was also prepared.
As shown in Fig. 6A , both MAb 2F and 101F and their Fab fragments bound to a soluble form of the F protein (F TM Ϫ) in a direct ELISA. The differences observed in the reactivity of MAbs and Fabs are likely due to differences in their avidities for the F protein.
Then, the neutralization capacities of 101F and 2F Fabs were tested in the type of assay shown Fig. 1C . The Fab fragment of the MAb 101F (Fab 101F) completely inhibited antigen production if added together with the virus to HEp-2 cells (Fig. 6B) although it was around 50-fold less active, on a molar basis, than the intact antibody (compare Fig. 1C and 6B ) (50% infectious dose [IC 50 ]of 0.34 nM for Fab 101F versus 0.006 nM for MAb 101F). It is likely that these quantitative differences in neutralization, as in the case of the ELISA (Fig. 6A) , are related to different avidities of MAb and Fab 101F for the F protein. However, the Fab fragment of MAb 2F (Fab 2F) had no significant effect on HRSV infectivity and consequently did not reduce antigen production, even at the highest concentration tested. Since MAbs 2F and 101F also differed in their capacities to inhibit cell-cell fusion, both Fab 2F and Fab 101F were tested in a syncytium formation assay, in comparison with their respective antibodies. As shown in Fig. 6C , large syncytia were seen in either the absence (data not shown) or presence of MAb 2F or Fab 2F when either was added to infected cells after virus internalization. In contrast, when either MAb 101F or Fab 101F was added to the cell cultures, only individual cells but not syncytia were observed. As seen before in Fig. 5B , inhibition of syncytium formation also restrained spreading of the virus in the cultures.
Since monovalent Fab 101F inhibited viral infectivity and syncytia formation, the results presented here indicate that bivalent binding of that antibody to the F protein is not necessary for neutralization and cell-cell fusion inhibition. In contrast, the partial inhibition of antigen production in infected cells by MAb 2F is not observed when Fab 2F is used in the neutralization test, suggesting that bivalency is required for the partial neutralization by 2F antibody, perhaps by a mechanism related to aggregation of F protein or viral particles.
An HRB F-derived peptide and the organic compound BMS-433771 have to be present during viral adsorption to neutralize HRSV infectivity. A number of low-molecular-weight compounds, like heptad repeat B (HRB)-derived peptides (42) and benzimidazolone small molecules (15) , have been shown to be potent inhibitors of viral fusion. It was of interest to compare neutralizing activity by small molecular compounds with MAbs.
Previously, to confirm the reported neutralizing activity, peptide F478-516 containing a partial sequence of HRB (Fig.  7A) and BMS-433771 were tested in the antigen production assay. Production of viral antigen was totally inhibited by F478-516 (HRB) in the low micromolar range (Fig. 7B) . The small molecule BMS-433771 was even more potent than the HRB peptide, on a molar basis, in blocking the production of viral antigen (Fig. 7B) .
To obtain further insights into the inhibitory action of the HRB peptide and BMS-433771, an excess of these compounds was mixed with a fixed amount of virus, and the virus-inhibitor mixtures were ultracentrifuged in order to remove the excess of inhibitor. After resuspension, the pellets were used to infect cells, and antigen production was measured 72 h later. As seen in Fig. 8A , preincubation of the virus with either the peptide F478-516 (HRB) or BMS-433771, followed by ultracentrifugation, did not block viral infectivity. For comparison, and as shown before ( Fig. 2A) , the neutralizing MAb 47F ablated viral infectivity if preincubated with the virus before ultracentrifugation (Fig. 8A) . However, the ultracentrifuged virus was still sensitive to neutralization by all the inhibitors tested when they were added during viral adsorption to cells (Fig. 8B ). An alternative test for the step at which MAbs and small molecules inhibit virus infectivity is illustrated in Fig. 9A . In this case, virus was allowed to bind to cells for 1 h at 4°C in either the absence or presence of inhibitors. Under these conditions virus can adsorb to cells, but membrane fusion and virus entry are blocked since the F protein is not activated at low temperatures (59) . After cultures were washed, they were shifted to 37°C in order to allow membrane fusion to proceed. Virus infectivity, reflected by virus antigen expression at the cell surface, was measured 48 h later by flow cytometry. As seen in Fig. 9B , addition of MAb 47F to cultures during virus binding at 4°C was enough to reduce antigen production essentially to the background level of mock-infected cells. This inhibition was slightly more effective if the MAb was added back to the medium after the adsorption period (Fig. 9B , red line) than if it was removed after the incubation at 4°C (blue line). Inhibition was also effective if MAb 47F was not present during virus binding but was added to the cultures when the incubation temperature shifted to 37°C (Fig. 9B, green line) . Thus, the presence of MAb 47F during virus binding at 4°C prevents HRSV infection at higher temperatures even though the antibody does not inhibit virus binding at 4°C, as shown in Fig. 4A . Therefore, and in agreement with the results of previous sections, the inhibitory effect of MAb 47F is exerted on the virus before activation of the F protein for fusion.
In clear contrast with these results, addition of either peptide F478-516 or BMS-433771 to the cultures during virus binding at 4°C had minimal effect on virus infectivity (Fig. 9C and D, blue lines). However, these two low-molecular-weight inhibitors substantially reduced infectivity if present after shifting of the cultures to 37°C, irrespective of having been present (red lines) or absent (green lines) during the adsorption period. Therefore, the peptide F478-516 and the compound BMS-433771 need to be present during the active process of virus entry to exhibit their inhibitory activity. Thus, the results shown in Fig. 8 and 9 suggest that the low-molecular-weight inhibitors do not act on the prefusion F protein but probably bind and block some of the F protein intermediates that are formed during the process of membrane fusion.
DISCUSSION
Inhibitors of the HRSV F glycoprotein, such as palivizumab (Synagis), a humanized MAb (32) , and low-molecular-weight compounds (2, 15, 52) , have been the subject of intense research in recent years. Knowledge of their mode of action should contribute to improve their effectiveness and clinical use. Although differences in the neutralizing capacities of anti-F antibodies have been reported previously (5, 28) , the reason for such differences remained unknown. The fact that antibodies binding to epitopes which are altered in the same escape mutants differed in their neutralizing activity suggested that subtle differences in antigen binding may have a major impact in antibody-mediated neutralization (45) . For instance, it was reported that virus binding of MAbs 47F and 49F was affected similarly by amino acid changes selected in mutants resistant to 47F. Both antibodies also competed for simultaneous binding to virus preparations, suggesting that they recognized overlapping epitopes, yet whereas MAb 47F neutralized HRSV efficiently, MAb 49F had no effect on virus infectivity (28) . The results reported here emphasize the idea of epitope specificity for HRSV neutralization. While MAbs 2F, 47F, and 101F bound similarly to a soluble form of the F protein (F TM Ϫ) and comparable amounts of the three antibodies remained bound to the Long virus after ultracentrifugation, only 47F and 101F antibodies inactivated virus infectivity. This contrasts with the "coating theory" of virus neutralization which proposes that antibody coating of virions is sufficient to inhibit infectivity (54) . Instead, the interaction of antibodies with specific residues of the F protein seems to be the mechanism for effective neutralization.
It is known that MAbs 2F, 47F, and 101F bind to different regions of the cone-shaped molecules of an anchorless form of the F protein (F TM Ϫ), probably folded in the postfusion conformation (12; also data not shown). It is conceivable that these antibodies could also bind to the prefusion form of the F protein which is present in virions. Figure 10 shows a model of the HRSV F prefusion structure built with the atomic coordinates of the structure determined for the parainfluenza virus 5 (PIV5) F homologue (78) . In this model, the only known residue that affects MAb 2F binding (Fig. 10, red sphere) sits at the base of the globular head, whereas residues that alter reactivity with either MAb 47F (green spheres) or MAb 101F (blue spheres) are placed on the side of the head, not far from the fusion peptide (shown in magenta) and the two cleavage sites (red arrow, site I; black arrow, site II; shown in one monomer). Residues of antigenic site II (Fig. 10 inhibition of some of the changes related to F protein activation (proteolytic cleavage, exposure of the fusion peptide, or formation of the HRA ␣-helix) than binding of MAbs to antigenic site I. In other words, binding of MAb 47F or 101F, but not 2F, to prefusion F would interfere with activation of this protein when the virus attaches to the target cell surface, where activation occurs (41) . Although our data favor this mechanism of virus neutralization by anti-F antibodies, cone-shaped F protein spikes have been observed abundantly in purified particles of PIV5 (47) . Therefore, it cannot be excluded that binding of neutralizing MAbs to F spikes in virions may have an indirect effect on activation of the prefusion form in the event that they coexist in the same virus particle. It will be difficult to distinguish between these two possibilities until a purified prefusion form of the F protein is available to test antibody binding. In any case, the result of binding of neutralizing anti-F antibodies to virus particles is inactivation of virus infectivity even though interaction of the virus-antibody complexes with cells is not altered (Fig. 4) . Neutralization of virus infectivity correlated with inhibition of cell-cell fusion, as manifested in a syncytium formation assay (Fig. 5) . Antibody bivalency was not required for the inhibitory activity of 101F, thus stressing the relevance of specific interactions between F and antibodies for neutralization. In contrast, the partial neutralization exhibited by MAb 2F when added to the culture medium (Fig. 1) required bivalency and was not reflected in the syncytium formation assay. Antibody 2F, as many other nonneutralizing anti-F antibodies (not shown), may reduce virus infectivity by cross-linking of F molecules in the same virus particle or by aggregation of virions (58) . This inhibitory effect would be lost with monovalent Fab fragments and may not be observed in a cell-cell fusion assay due to different topologies of F molecules in the surfaces of virions and in infected/transfected cells.
Although most neutralizing antibodies targeted against enveloped viruses interfere with binding of virus to specific receptors, antibodies inhibiting virus-cell membrane fusion have also been found. For instance, two laboratories reported recently the isolation of cross-neutralizing antibodies directed against the influenza virus hemagglutinin (HA) (64, 69) . While most neutralizing anti-HA antibodies interfered with receptor binding (39) and neutralized a restricted set of viral strains, the cross-neutralizing anti-HA antibodies block infection by binding to a conserved pocket near the fusion peptide (64), thus preventing membrane fusion. Whether antibodies 47F and 101F operate in a similar manner is an appealing possibility that cannot be tested until a detailed structure of the HRSV F protein is available.
The mode of action of neutralizing anti-F antibodies contrasts with that of the HRB peptide (F478-516) or the BMS-433771 compound. Incubation of virus with these low-molecular-weight inhibitors before ultracentrifugation (Fig. 8) or during the step of virus binding to cells at 4°C (Fig. 9 ) had no effect on infectivity. It has been reported that an HRB peptide of the PIV5 fusion protein can bind to a prehairpin intermediate of F, preventing the formation of the six-helix bundle and completion of membrane fusion (59) . Consistent with this mode of action, the peptide F478-516 was ineffective against HRSV unless it was present during membrane fusion, presumably when the prehairpin intermediate was available.
Regarding BMS-433771, Cianci et al. (14) probed the interaction of a photoaffinity analog of this compound with HRSV virions, showing that it could be linked covalently to Tyr198. This residue is part of a hydrophobic cavity in the six-helix bundle of the postfusion F protein core structure (14) . The results shown in Fig. 8 and 9 are in apparent contradiction with those of Cianci et al., (14) since incubation of HRSV with BMS-433771 before ultracentrifugation or during virus adsorption to cells at 4°C had no effect on infectivity. Resolution of this apparent disagreement requires the availability of homogeneous preparations of the prefusion HRSV F protein to test binding of BMS-433771 without the ambiguity of having mixtures of pre-and postfusion conformations in the same virus preparation. Nevertheless, our results favor the idea that, to be effective, BMS-433771 has to interact with an F intermediate before completion of membrane fusion.
In summary, neutralizing antibodies and low-molecularweight compounds inhibit virus entry by acting at different steps of the membrane fusion process. In addition to expanding our view of their mode of action, the results presented here offer the possibility of testing a combined therapy of HRSV infections, increasing its effectiveness, and reducing the risk of selecting viruses resistant to monotherapy. 
